ABSTRACT: Flukes belonging to Sphaeridiotrema are important parasites of waterfowl, and 2 morphologically similar species Sphaeridiotrema globulus and Sphaeridiotrema pseudoglobulus, have been implicated in waterfowl mortality in North America. Cytochrome oxidase I (barcode region) and partial LSU-rDNA sequences from specimens of S. globulus and S. pseudoglobulus, obtained from naturally and experimentally infected hosts from New Jersey and Quebec, respectively, confirmed that these species were distinct. Barcode sequences of the 2 species differed at 92 of 590 nucleotide positions (15.6%) and the translated sequences differed by 13 amino acid residues. Partial LSU-rDNA sequences differed at 29 of 1,208 nucleotide positions (2.4%). Additional barcode sequences from specimens collected from waterfowl in Wisconsin and Minnesota and morphometric data obtained from specimens acquired along the north shore of Lake Superior revealed the presence of S. pseudoglobulus in these areas. Although morphometric data suggested the presence of S. globulus in the Lake Superior sample, it was not found among the specimens sequenced from Wisconsin or Minnesota.
Trematodes belonging to Sphaeridiotrema Odhner, 1913 are important parasites of waterfowl. Historically, specimens found in waterfowl in eastern North American have been identified as a single species, Sphaeridiotrema globulus (Rudolphi, 1814) (see Price, 1934; Gower, 1938; Cornwell and Cowan, 1963; Trainer and Fischer, 1963; Speckmann et al., 1972; Roscoe and Huffman, 1982, 1983; Hoeve and Scott, 1988; Huffman and Roscoe, 1989; Sauer et al., 2007) . In most cases, reports of the parasite are accompanied by reports of hemorrhagic enteritis and mortality. Exceptions to this include studies by Gower (1938) and Hoeve and Scott (1988) . Thus, Gower (1938) found no effects of S. globulus in lightly infected goldeneyes (presumably Bucephala clangula) or in lesser scaup (Aythya affinis) infected by ''literally hundreds'' of flukes in Michigan. Hoeve and Scott (1988) found mean intensities ranging from 4,699 to 12,419 flukes in bluewinged teal (Anas discors), black ducks (Anas rubripes), and mallards (Anas platyrhynchos) found dead in Quebec in 1984 and 1985, but there was no report of hemorrhagic enteritis in these birds or in blue-winged teal that acquired 4-2,757 flukes when exposed for 24 hr in sentinel cages. Similar pathological inconsistencies have been reported elsewhere (see McLaughlin et al., 1993; Huffman, 2008) , suggesting the possibility that other species may have been mistakenly identified as S. globulus.
The pathological effects of S. globulus in naturally and experimentally infected waterfowl in New Jersey have been well described with hemorrhagic enteritis and mortality being the common endpoints (Roscoe and Huffman, 1983, 1984; Huffman and Roscoe, 1989; Mucha and Huffman, 1991) . However, neither blue-winged teal nor domestic ducklings experimentally infected with metacercariae from Bithynia tentaculata in Quebec, Canada, displayed the symptoms or mortality characteristic of S. globulus reported in New Jersey (Gagnon, 1990) . Subsequent morphological study of adult flukes from ducks experimentally infected with metacercariae from New Jersey and Quebec revealed that the specimens were different species (McLaughlin et al., 1993) . Specimens from New Jersey, which cause severe and frequently fatal hemorrhagic enteritis in waterfowl, were similar to the type specimens of S. globulus and were referred to that species. The specimens from Quebec were designated as a new species, Sphaeridiotrema pseudoglobulus McLaughlin, Scott and Huffman, 1993 . These flukes do not cause the acute hemorrhagic enteritis in experimentally infected ducks, but nonetheless may be pathogenic to waterfowl when present in large numbers (Hoeve and Scott, 1988) .
Morphologically, S. globulus and S. pseudoglobulus are readily identifiable at the generic level, but are difficult to distinguish at the species level. These difficulties are exacerbated by specimen deterioration caused by delays in necropsy common in hosts examined during die-offs, and by freezing of the carcass. In view of the difficulties encountered in identifying such specimens, alternative methods for resolving species within Sphaeridiotrema are required.
Ribosomal DNA sequences provide an alternative to morphologically based taxonomic methods within the platyhelminthes and, more specifically, the digenea (Nolan and Cribb, 2005; Olson and Tkach, 2005) . They are particularly useful when specimens are unsuitable for morphological assessment. Mitochondrial gene sequences are less commonly used (Olson and Tkach, 2005) . However, recent work by Moszczynska et al. (2009), Locke, McLaughlin, and Marcogliese (2010) , Locke, McLaughlin, Dayanandan, and Marcogliese (2010) , and Locke et al. (2011) has shown that DNA barcode sequences are also an effective means of distinguishing species within an array of digenean genera. The DNA barcode region near the 59 end of the cytochrome c oxidase gene has been used as a marker for species identification across a wide range of animal taxa (e.g., Hebert et al., 2003; Cywinska et al., 2006; Hajibabaei et al., 2006) . The LSU region is the largest of the conserved regions in the rDNA gene. Although used primarily in investigations of higher-level phylogenies, it has also been used successfully for species-level discrimination of species within the digenea (see Olson and Tkach, 2005) . In the present study, we assess the effectiveness of DNA barcode sequences and partial sequences of the large subunit region of ribosomal DNA (LSUrDNA) as a means of distinguishing between these species.
MATERIALS AND METHODS
The specimens examined were obtained from naturally and experimentally infected waterfowl and from naturally infected snails collected from various localities over a period of several years. Sphaeridiotrema globulus were obtained from domestic ducks experimentally infected with metacercariae from Elimia virginica (Lake Musconetcong, New Jersey [McLaughlin et al., 1993] ), from infected mute swans (Cygnus olor) (Lake Musconetcong), and from C. olor and E. virginica from Furnace Lake, New Jersey. Additional samples of adult flukes, provisionally identified as S. globulus, were obtained from lesser scaup ( (1993) had been frozen at 280 C in a small drop of water. The remaining adult specimens were taken from waterfowl that were found dead and had been frozen until they were examined. Samples from these birds and samples of larval stages from freshly killed snails were preserved in either 95% ethanol or absolute ethanol.
We also examined specimens of formalin-fixed flukes identified as S. globulus collected from 10 greater scaup found dead on the north shore of Lake Superior near Black Bay, Ontario, Canada, in the spring of 1990. These were stained in acetocarmine, dehydrated, cleared, and mounted in Canada balsam, and the largest mature egg in each specimen was measured. Sphaeridiotrema globulus has smaller eggs than S. pseudoglobulus (although the upper range of the former overlaps slightly with the lower range of the latter) and measurements were taken as a means of potentially distinguishing the species should the molecular evidence support previous morphometric work (McLaughlin et al., 1993) .
DNA was extracted from individual flukes, rediae, and cercariae with the use of DNeasy TM tissue extraction kits (Qiagen, Valencia, California) in accordance with the manufacturer's protocols. PCR reactions had a total volume of 25 ml that included 17.5 ml ultrapure water, 2.5 ml 10x PCR buffer, 1.25 ml 50 mM MgCl 2 (both provided with the Taq), 0.125 ml 10 mM dNTP, 1.25 ml 10 pmol of each primer, 0.125 ml Platinum Taq Polymerase (Invitrogen, Carlsbad, California), and 3 ml of template.
The COI primers used were MplatCox1dF and MplatCOX1dR developed by Moszczynska et al. (2009) A region at the 59 end of the 28S ribosomal DNA gene including variable domains D1-D3 was amplified by PCR according to the protocol described by Tkach et al. (2003) . Forward primer digl2 (59-AAGCATATCACTA-AGCGG-39) and reverse primer 1500R (59-GCTATCCTGAGGGAA-ACTTCG -39) were used for amplification. PCR primers as well as several internal primers were used in sequencing reactions. These included internal forward primers: 300F (59-CAAGTACCGTGAGGGAAAGTTG-39), 900F (59-CCGTCTTGAAACACGGACCAAG-39) and internal reverse primers: 300R (59-CAACTTTCCCTCACGGTACTTG-39), ECD2 (59-CTTGGTCCGTGTTTCAAGACGGG-39).
PCR products were visualized under UV light on 1% agarose gels containing ethidium bromide, purified using Qiagen Qiaquick TM columns, and cycle-sequenced directly using ABI BigDye TM (Foster City, California) chemistry. Sequencing of approximately half of the barcode and LSU samples was done at the Genome Quebec Centre, McGill University, Montreal, Quebec, Canada. The remaining barcode samples were sequenced at the Canadian Centre for DNA Barcoding at the University of Guelph, Guelph, Ontario, Canada; the remaining LSU samples were sequenced at the University of North Dakota. Nucleotide and amino acid sequences (translated with the use of trematode mitochondrial codons) were assembled, edited, and aligned with the use of Invitrogen Vector 10 and Sequencher TM (GeneCodes Corp., ver. 4.1.4) software. We took a conservative approach to sequence analysis by using only data from the regions covered by the forward and reverse strands. Barcode sequences and partial LSU-rDNA sequences have been deposited in Genbank under accession numbers GQ890328-GQ890331. Additional barcode sequences and their trace files are available in project SPHAE at www.barcodinglife. org.
RESULTS
Identification of the Quebec and New Jersey samples was based on specimens from the populations from experimentally infected hosts obtained during morphological studies on S. globulus and S. pseudoglobulus (McLaughlin et al., 1993) .
We obtained 65 partial barcode sequences from Quebec (N 5 21), Wisconsin/Minnesota (N 5 19) and New Jersey (N 5 25) and 14 partial LSU sequences; Quebec (N 5 5), Wisconsin/Minnesota (N 5 5) and New Jersey (N 5 4) . The majority of the barcode sequences were from adult flukes, but several sequences in each group were from larval stages. All of the LSU sequences were from adult specimens.
All specimens of S. pseudoglobulus (Quebec and Wisconsin/ Minnesota) had identical barcode and LSU sequences. The LSU sequences and 22 of 25 barcode sequences from the New Jersey specimens (S. globulus) were identical; 3 barcode sequences had a single C/G substitution at position 360 in the alignment shown in Figure 1 .
Comparison of the barcode sequences of S. pseudoglobulus and S. globulus revealed differences in 92 of the nucleotide positions (15.6%) over the length of the aligned region (590 nucleotides) (Fig. 1) . The translated sequences differed by 13 amino acid residues (6.5%) (Fig. 2) . The single substitution observed in the 3 samples of S. globulus did not affect the amino acid sequence. All of the LSU sequences from S. pseudoglobulus were identical, as were those from S. globulus. The LSU sequences differed at 29 nucleotide positions (2.4%) over the length of the alignment (1,208 nucleotides) (data not shown).
One hundred forty-three specimens obtained from waterfowl in the die-off on Lake Superior in 1990 had measurable eggs in the uterus. Seven specimens had eggs 96-100 mm long (S. globulus range), 102 specimens had eggs 111-125 mm long (S. pseudoglobulus range), and 34 had eggs in the overlapping range 101-110 mm. Within the overlapping group, most clustered at the ends of the range; 10 were #102 mm long and 18 were $108 mm, or longer.
DISCUSSION
Differences in the barcode and LSU sequences between the 2 species are consistent with differences reported in morphology (McLaughlin et al., 1993) , pathology (Roscoe and Huffman 1982, 1983; Huffman and Roscoe, 1989; Gagnon, 1990; Mucha and Huffman, 1991; McLaughlin et al., 1993) , egg hatching times (McKindsey and McLaughlin, 1994) , and species of first intermediate host (E. virginica vs. B. tentaculata) (Huffman and Fried, 1983; Hoeve and Scott, 1988) . The DNA results indicate that the lower and upper ranges in egg size reported by McLaughlin et al. (1993) are reliable diagnostic features for the separation of these species; however, the overlapping portion remains problematic.
Overall, we obtained the most consistent results with the COI primers. These were part of primer set developed specifically for the barcode region of parasitic flatworms. Virtually all of the specimens amplified successfully with them. The magnitude of the differences of the barcode sequences found between the species falls within the range of those found between other congeneric digeneans (Moszczynska et al., 2009) . The LSU specimens were more difficult to sequence, likely due to deterioration of the samples. The sequences obtained were less variable than those of the barcode sequences. However, the number of differences observed was comparable to those found between LSU sequences of congeneric flukes in other studies (e.g., Razo-Mendivil et al., 2004; Leó n-Règanon et al., 2005) and support results obtained with the DNA barcode data.
Sphaeridiotrema pseudoglobulus was the only species detected in the Wisconsin/Minnesota samples; we did not detect S. globulus.
The first intermediate host of S. pseudoglobulus, B. tentaculata, is an invasive species that was first detected in Lake Michigan in the 1870s (see Mills et al., 1993) . It now occurs widely throughout the Great Lakes Basin (Burch, 1989 ) and the St. Lawrence River drainage system (Clarke, 1981) and is present in the upper Mississippi River, including areas adjacent to Minnesota, Iowa, and Wisconsin (Sauer et al., 2007; Herrmann and Sorensen, 2009 ), and Lake Winnibigoshish, Minnesota (NWHC, unpubl. obs.) . The spread of this snail has also led to the subsequent establishment of S. pseudoglobulus throughout these regions.
The presence of S. pseudoglobulus in the Wisconsin/Minnesota samples, however, is not consistent with the reports of hemorrhagic enteritis in waterfowl in the region. Sphaeridiotrema pseudoglobulus has been associated with waterfowl mortality and is a potential threat to waterfowl when present in large numbers (Hoeve and Scott, 1988 ), but there is no evidence from natural or experimental infections that this species causes the hemorrhagic enteritis characteristic of S. globulus infections (Hoeve and Scott, 1988; Gagnon, 1990; McLaughlin et al., 1993) . However, these studies were limited to observations on surface feeding ducks. There are no experimental data regarding the effects of S. pseudoglobulus on diving species such as scaup, which seem to be more severely affected by the parasite. Moreover, these studies involved parasite intensities that were far less than those found in lesser scaup (see Sauer et al., 2007) . Vascular leakage (as demonstrated by Evans blue injection prior to necropsy) occurs in comparatively light infections, i.e., ,90 S. pseudoglobulus (Gagnon, 1990) , and the possibility exists that massive infections like those reported by Sauer et al. (2007) could result in hemorrhage because of the extensive trauma high-intensity infections would cause to the intestinal lining.
Although we did not detect S. globulus in the Wisconsin and Minnesota samples, the few flukes from this sample (N 5 19) that were sequenced represented only a small fraction of the thousands present in the Wisconsin/Minnesota birds. The possibility therefore exists that both species were present, but only 1 was detected. Evidence in support of this suggestion comes from 2 sources. First, the general pathology of infections described in coots and waterfowl in Wisconsin (Trainer and Fischer, 1963; Sauer et al., 2007 ) is consistent with current information on infections by S. globulus, not S. pseudoglobulus. Second, measurements of eggs from specimens obtained from lesser scaup that died on Lake Superior near Black Bay, Ontario, indicate that at least 4 of the 10 birds examined may have been infected with S. globulus. The acute nature of the disease suggests that the majority of birds die on, or near, the wetland where they acquired the infection; so we believe that these infections were acquired locally. Elimia virginica, the first intermediate host of S. globulus in New Jersey (Huffman and Fried, 1983 ) also occurs in the Great Lakes basin (Burch, 1989 ) although its distribution is not well documented. Our Ontario data indicate that S. globulus is present in Lake Superior and its presence in states bordering Lake Superior and Lake Michigan would not be surprising.
